Background and aims: Locally and systemically acting corticosteroids alter the morphology and transport function of the intestine. This study was undertaken to assess the effect of budesonide, prednisone, and dexamethasone on sugar uptake. Methods: Adult male Sprague Dawley rats underwent transection or resection of 50% of the middle portion of the small intestine, and in vitro uptake of sugars was measured. Results: The 50% enterectomy did not alter jejunal or ileal uptake of glucose or fructose. Prednisone had no effect on the uptake of glucose or fructose in resected animals. In contrast, in resected rats budesonide increased by over 120% the value of the jejunal maximal transport rate for the uptake of glucose, and increased by over 150% ileal uptake of fructose. Protein abundance and mRNA expression of the sodium dependent glucose transporter in brush border membrane (SGLT1), sodium independent fructose transporter in the brush border membrane (GLUT5), sodium independent glucose and fructose transporter in the basolateral and brush border membranes (GLUT2), and Na
T he topic of intestinal adaptation has been reviewed. 1 2 Following extensive intestinal resection, there is hyperplasia of the remaining intestine which may be accompanied by enhanced uptake of nutrients. [3] [4] [5] [6] [7] [8] Signals which mediate this adaptive process may include proglucagon derived peptides, ornithine decarboxylase (ODC), and early response genes (ERGs). [9] [10] [11] [12] [13] Proglucagon derived peptides originate from processing and breakage of the proglucagon gene 14 15 in the L cells present in the ileum and colon. 16 mRNA levels of proglucagon, ODC, as well as ERGs such as c-myc, c-jun, and c-fos have been suggested to be involved in the adaptive process of the remaining intestine after jejunoileal resection. [9] [10] [11] [12] [13] It is not known if proglucagon, ODC, or ERGs in the intestine are influenced by corticosteroids. Other possible signals have been recently identified by cDNA microarray analysis and may have a role in this intestinal adaptive model. 17 18 The Na + gradient across the brush border membrane (BBM) provides the driving force for glucose transport into the enterocyte. 19 This gradient is maintained by the action of the Na + /K + ATPase which is restricted to the basolateral membrane (BLM). 20 Sodium dependent glucose transporter in the brush border membrane (SGLT1) mediates BBM Na + /glucose cotransport, [21] [22] [23] and the sodium independent glucose and fructose transporter in the BLM and BBM (GLUT2) mediates the facilitative Na + independent diffusion of glucose and fructose through the BLM, 24 as well as possibly through the BBM. [25] [26] [27] Fructose transport is by facilitated diffusion in the BBM mediated by sodium independent fructose transporter in the BBM (GLUT5). [28] [29] [30] [31] Systemically active glucocorticosteroids given by mouth enhance the intestinal absorption of sugars 32 33 and accelerate the development of the intestine in early life. 34 The locally acting corticosteroid budesonide, termed local due its 90% first pass hepatic metabolism allowing only 10% of budesonide to reach the systemic circulation, is useful in the treatment of patients with Crohn's disease, with a superior adverse effect profile than non-locally acting glucocorticosteroids. [35] [36] [37] [38] In young rats with an intact intestinal tract, budesonide enhances the intestinal uptake of fructose and some lipids. 39 While injection of dexamethasone reduces the DNA content of the bowel following intestinal resection, 40 its effect on nutrient absorption is not known. Accordingly, this study was undertaken to test the hypothesis that glucocorticosteroids, specially budesonide, enhance the intestinal absorption of sugars following intestinal resection.
METHODS

Animals and diet
The principles for the care and use of laboratory animals approved by the Canadian Council on Animal Care and by the Council of the American Physiological Society were carefully Abbreviations: BBM, brush border membrane; BLM, basolateral membrane; ERG, early response genes; GLUT5, sodium independent fructose transporter in the brush border membrane; GLUT2, sodium independent glucose and fructose transporter in the basolateral and brush border membranes; HRP, horseradish peroxidase; Km, apparent Michaelis constant; ODC, ornithine decarboxylase; SGLT1, sodium dependent glucose transporter in brush border membrane; TTBS, Tween Tris buffered saline; Vmax, maximal transport rate.
observed. Male pairs of Sprague Dawley rats were obtained from the University of Alberta Vivarium. Animals were housed in pairs at 21°C, with 12 hours of light and 12 hours of darkness. They weighed 200-250 g. Water and food were supplied ad libitum. Animals were fed standard Purina rat chow for two weeks.
Drugs
The glucocorticosteroids (budesonide, prednisone, and dexamethasone) were given to animals with a 50% resection. There were six animals in each of four treatment groups: control vehicle (0.19% EDTA buffered saline), budesonide (0.25 mg/kg body weight per day), prednisone (0.75 mg/kg body weight/ day), and dexamethasone (128 µg/kg body weight/day). This dose of budesonide has been shown to modify intestinal absorption of nutrients in young animals with an intact intestine and fed chow 39 and is similar to doses (0.2-0.8 mg/kg/day) used to treat trinitrobenzene sulphonic acid ileitis in rats 41 and prevent graft rejection (0.-1.0 mg/kg/day) in a rat model of intestinal transplantation. 42 The control vehicle, budesonide, and prednisone were administrated by oral gavage and were dissolved in 0.19% EDTA buffered saline. Dexamethasone was administrated subcutaneously and was dissolved in bacteriostatic 0.9% sodium chloride solution. The volume of vehicle given was 5 µl/g body weight. Dosing was performed at 12:00 daily for two weeks, including weekends.
Surgical model
Rats were exposed to halothane (5.0%) until limp, when the hair on the anterior abdominal wall was clipped and the skin was cleansed with betadine. Animals were kept sedated under halothane (0.5-1.5%) throughout surgery. The sleeping animal was restrained in the supine position on an animal operating board using rubber band leg loops. A heating pad was maintained at 37°C under the operating board, with circulating water from a water bath during all subsequent surgical procedures. Following a ventral incision along the linea alba, the middle 50% of the small intestine was removed from half of the animals. The other half of the rats had a transection-that is, the small intestine was divided and then reanastomosedwithout removal of any portion of the intestine. Sterile instruments and an aseptic technique were used. The colon was located, and the distance from the ileocaecal valve to the ligament of Treitz was measured with 5-0 silk string. The string was cut in half to give the approximate measure of the length of intestine to be resected. The intestinal portion to be resected was determined by placing one end of the measuring string at 2 cm after the ileal-caecal valve (to prevent back flow of bacteria from the colon), and working the string along the intestine towards the jejunal end. In resected animals, 50% of the middle portion of the intestine was removed, leaving the proximal 25% and the distal 25%. Bowel continuity was restored by an end to end jejunoileal anastomosis using interrupted 6-0 silk sutures. The abdomen was closed with a continuous 3.0 dexon suture. After surgery, animals received a subcutaneous injection of buprenorphine 0.01-0.05 mg/kg body weight for pain relief. Animals recovered in clean plastic cages under a heat lamp, and were then taken to fresh cages where they were housed individually.
Probe and marker compounds [ Tissue preparation and determination of uptake rates Uptake studies were performed two weeks after small bowel transection or resection. Animals were anaesthetised by intraperitoneal injection of Euthanyl (sodium pentobarbitol) 240 mg/100 g body weight. The whole length of the transected small intestine or small intestine remaining after enterectomy was removed quickly. The intestine was everted and cut into small rings of approximately 2-4 mm each. 43 44 These rings were immersed immediately in preincubation beakers containing oxygenated Krebs bicarbonate buffer (pH 7.2) at 37°C and were allowed to equilibrate for approximately five minutes prior to commencement of the uptake studies. Uptake was initiated by the timed transfer of tissue rings to a shaking water bath (37°C) containing 5 ml plastic vials with gassed Krebs buffer plus [ After incubation for five minutes, uptake of nutrient was terminated by pouring the vial contents onto filters on an Amicon vacuum filtration manifold maintained under suction. This was followed by washing the jejunal or ileal rings with ice cold saline. The dry weight of the tissue was determined, and the tissue was saponificated with 0.75 N NaOH. Scintillation fluid was added, and radioactivity was determined by means of an external standardisation technique to correct for variable quenching of the two isotopes.
Rates of uptake were expressed as nmol of substrate taken up per 100 mg dry weight of mucosa per minute (nmol×100 mg/tissue/min). Values from the four treatment groups are reported as mean (SEM) of the results from six animals in each of the four groups. Values for the maximal transport rate (Vmax) and Michaelis affinity constant (Km) for glucose uptake were estimated by non-linear regression using the Sigma Plot program (Jandel Scientific, San Rafael, California, USA). Because of the linear nature of the relationship between fructose concentration and uptake, values of Vmax and Km could not be estimated. Instead, linear regression was used to estimate the value of the slope of the concentration versus uptake. One or two way analysis of variance and the Student's t test were used to test the significance of the differences among animals treated with control vehicle, budesonide, prednisone, and dexamethasone. A p value of 0.05 or less was accepted as representing a statistically significant difference.
Western immunoblotting BLM and BBM proteins from at least three animals in each group were separated by sodium dodecyl sulphatepolyacrylamide gel electrophoresis using a modification of the method developed by Laemmli (1970) . After migration, proteins were immobilised on a solid support by electroblotting to a nitrocellulose membrane. Then, membranes were blocked by incubation overnight in bovine lacto transfer technique optimiser (BLOTTO) containing 5% w/v dry milk in Tween Tris buffered saline (TTBS: 0.5% Tween 20, 30 mM Tris, 150 mM NaCl).
Membranes were washed three times with TTBS for at least 10 minutes. Then, membranes were probed with specific rabbit antirat antibodies that bound specifically to the antigens of interest. Incubation was carried out at room temperature for two hours for α1 Na + /K + ATPase, β1 Na + /K + ATPase, GLUT2, and GLUT5, and overnight for SGLT1. Antibodies were diluted in 2% dry milk in TTBS at 1:500 for α1 Na Following this primary incubation, BBM and BLM were washed three times with TTBS to remove residual unbound primary antibody. Membranes were then incubated for one hour with goat antirabbit antibody, conjugated with horseradish peroxidase (HRP) (Pierce, Rockfort, Illinois, USA) that bound the primary antibody. This second antibody was diluted at 1:20 000 in 2% dry milk in TTBS.
After three washes in TTBS to remove residual secondary antibody, membranes were incubated for five minutes with SuperSignal chemiluminescent-HRP substrate (Pierce) composed of 50% stable peroxide solution and 50% luminol/ enhancer solution. This reacted with the secondary antibody and made visible the antigens of interest. Then, membranes were exposed to X-Omat AR films for various times, and were successively plunged into developer, water, and fixer. Relative band densities were determined by transmittance densitometry using a Bio-Rad imaging densitometer (Life Science Group, Cleveland, Ohio, USA).
Northern immunoblotting
Complementary DNA (cDNA) probes were produced. Bacteria (Escherichia coli) were transformed with plasmids containing the desired DNA sequences to be used to probe for northern blotting. SGLT1 cDNA probe was donated by Dr Davidson (University of Chicago, Chicago, Illinois, USA); cDNA probes encoding the α1 and β1 Na + /K + ATPase subunit isoforms were RNA was extracted from the jejunum and ileum of at least three animals in each of four groups. These segments were homogenised in a denaturing solution containing guanidinium thiocyanate using the Bio-Rad fast prep shaking centrifuge. Following acidification with 2 M sodium acetate, phenol chloroform extraction was performed. The upper aqueous phase was transferred to a tube and RNA was precipitated with isopropanol and washed with 70% ethanol. RNA samples were stored at −70°C.
Equal amounts of total RNA were denatured in a sample loading buffer. Ethidium bromide (10 mg/ml) was added so that the integrity of the RNA could be determined by visualising the 28 S and 18 S ribosomal bands under UV light.
Total RNA was separated, based on molecular weight, as it was electrophoresed through a denaturing agarose gel (1.16% agarose). RNA was transferred from the gel to a nylon membrane by capillary action overnight.
As a prehybridisation step, membranes were incubated for 30 minutes with DIG easy hyb solution (Roche Diagnostics, Quebec, Canada) in order to reduce non-specific binding. Following prehybridisation, labelled probes were hybridised to the corresponding RNA band on the membrane by incubation with the DIG labelled probe at the adequate temperature overnight. After stringency washes, membranes were blocked in 1× blocking solution (10% 10×blocking solution, 90% 1×maleic acid) to reduce non-specific binding sites. They were then incubated with an anti-DIG-AP conjugate antibody (Roche Diagnostics).
Detection of bound antibody was done using a CDP-STAR chemiluminescent substrate (Roche Diagnostics), and membranes were exposed to films (X-Omat; Kodak, USA) for 10-30 minutes. The density of the RNA was determined by transmittance densitometry using a Bio-Rad imaging densitometer (Life Science Group, Cleveland, Ohio, USA). To determine the exact RNA quantity that had been loaded, the 28 S ribosomal band density on the membrane was evaluated after transfer.
RESULTS
Animal characteristics
Body weight gain, food intake, and weight gain (g/day) per food intake (g/day) were similar in transected and resected rats (data not shown). Dexamethasone reduced body weight gain in resected animals (from 4.8 g/day in controls to 2.0 g/day in those given dexamethasone) whereas budesonide and prednisone had no such effect. None of the steroids influenced food intake.
The total weight of the intestine and the percentage of the intestinal wall comprised of scrapable mucosa were similar in the jejunum and ileum of resected and transected rats (data not shown). Similarly, in resected rats budesonide, prednisone, or dexamethasone had no effect on the weight of the intestine or on the percentage of the intestinal wall comprised of mucosa (table 1) . For this reason, the rates of sugar uptake were expressed on the basis of intestinal weight (nmol×100 mg/tissue/min).
Transporter activities
There was no effect of resection of the middle half of the intestine on values of maximal transport rate (Vmax) and apparent Michaelis constant (Km) for jejunal or ileal uptake of glucose (data not shown). However, values of Vmax and Km for jejunal uptake of glucose were both approximately 120% higher in rats given budesonide compared with control vehicle (table 2) . Values of Vmax and Km for jejunal uptake of glucose in resected rats were lower in those given prednisone or dexamethasone compared with budesonide. None of the corticosteroids had an effect on Vmax or Km for ileal uptake of glucose. Resection had no effect on the rates of jejunal and ileal uptake of L-glucose. Similarly, corticosteroids had no effect on L-glucose uptake into the jejunum (data not shown).
Resection had no effect on uptake of fructose into the jejunum or ileum (data not shown). In the jejunum of resected rats, dexamethasone reduced uptake of fructose by approximately 27% compared with control vehicle, budesonide, or prednisone (table 3). In the ileum of resected rats, budesonide increased the uptake of fructose by 100% compared with control vehicle, prednisone, or dexamethasone.
Transporter protein abundance and expression of mRNA Protein abundance SGLT1 and Na + /K + ATPase α1 and β1 in the jejunum was not altered by intestinal resection. However, in the ileum, abundance of SGLT1 was increased by resection whereas Na 1A) . In the ileum, budesonide and dexamethasone increased the abundance of Na + /K + ATPase β1 compared with the control vehicle and prednisone group. In animals with resection, corticosteroids had no effect on mRNA expression of SGLT1 or Na + /K + ATPase in the jejunum and ileum ( fig 1B) . Budesonide, prednisone, or dexamethasone administrated to resected animals did not change jejunal abundance of SGLT1, or either of the Na + /K + ATPase subunits (fig 2) .
Resection did not have any significant effect on the abundance of GLUT5 or GLUT2 (data not shown). Expression of GLUT5 mRNA was reduced in the jejunum of resected compared with transected animals, and was unchanged in the ileum ( fig 3A) . GLUT2 mRNA was unchanged with resection. Corticosteroids did not affect the protein abundance of either GLUT5 or GLUT2 (data not shown). Prednisone increased mRNA expression of GLUT5 in the jejunum of resected animals compared with transected controls (fig 3B) . Expression of GLUT5 mRNA in the ileum, and GLUT2 mRNA in either the jejunum and ileum, were unchanged by administration of corticosteroid.
Early response gene expression Animals undergoing intestinal resection showed no differences in expression of mRNAs for c-myc or c-jun compared with those who underwent transection (data not shown). Budesonide, prednisone, and dexamethasone reduced jejunal expression of the mRNA of c-jun in resected animals (table 4) . No differences were observed in jejunal expression of c-myc or ileal expression of c-myc and c-jun.
Proglucagon and ODC expression
Expression in the jejunum and ileum of mRNA for proglucagon was not changed by resection. However, ODC expression in the jejunum of resected animals was reduced (table 5) . No changes in ileal expression of the mRNA for ODC were observed. Corticosteroids reduced jejunal expression of the mRNA for proglucagon in resected animals compared with control vehicle but did not change ileal expression. Corticosteroids had no effect on jejunal or ileal expression of mRNA for ODC (table 6) .
DISCUSSION
We chose a protocol of non-massive intestinal resection (50%) where the remaining proximal and distal intestinal remnants were adequate to assess the morphology and function at these sites. 45 This 50% resection did not result in body weight loss, and is closer to the more common clinical situation seen for example in patients with Crohn's disease. In this study, the animals' food intake, body weight gain, intestinal weight, and percentage of intestinal weight comprised of mucosa were unaffected by intestinal resection. Thus the alterations in the function of the non-resected intestine in animals given steroids were not due to changes in these end points.
Intestinal absorption of nutrients is subject to adaptation of mediated and non-mediated processes, with alterations in transport influenced by the animal's age, diet, as well as by pathological processes such as diabetes mellitus, chronic ethanol intake, and abdominal irradiation. 1 2 Following intestinal resection, morphological and functional changes occur depending on the extent of the intestine removed, the site studied, and the lipid content of the diet. 45 Signals for this process are unknown but may include proglucagon derived peptides, ERGs, and ODC. 9-13 46-49 ERGs such as c-myc, c-jun, and c-fos have been demonstrated to be involved in processes of intestinal proliferation and differentiation, as also is ODC, a key enzyme in the synthesis of polyamines which are a requirement in any proliferative event. [9] [10] [11] [12] [13] Proglucagon also contributes to the intestinal adaptive process. 14 15 For example, administration of short chain fatty acids increases proglucagon mRNA expression in rats undergoing intestinal resection. 13 In this study, the adaptive response to intestinal resection did not change expression of the mRNAs for ERGs or proglucagon but ODC mRNA was reduced in the jejunum of resected rats. Adaptation in sugar absorption following intestinal resection must involve other signals. Epimorphin/ syntaxin 2 mRNA that codes for a membrane associated protein involved in morphogenesis of the lungs and skin, and PC4/TIS7, a gene involved in nerve growth factor mediated cytodifferentiation, may be among other signals that might be involved in the adaptive response after intestinal resection. 50 51 New signals involved in the adaptive intestinal response after resection have recently been identified by cDNA microarray analysis. 17 18 Glucocorticosteroids are used to treat patients with a variety of intestinal conditions, including Crohn's disease and ulcerative colitis. Clinical studies have focused on the use of the potent locally acting steroid, budesonide. [35] [36] [37] [38] Prednisone and budesonide modify the morphology and absorptive function of the intestine in young rats with an intact intestinal tract. 39 Corticosteroids may have metabolic (for example, glutamine) and/or functional (for example, electrolyte transport) actions that could explain effects on intestinal absorption. Furthermore, the effect of glucocorticosteroids on cell renewal rate and apoptosis as well as central effects could also in principle alter gut function.
32 33 38 52 This study compared the influence of the locally active budesonide with two systemically active corticosteroids (prednisone given by mouth and dexamethasone given by subcutaneous injection) in adult animals in which a portion of the jejunum and ileum remained after removal of the middle half of the small intestine. Although we used the same dose of dexamethasone (128 µg/kg subcutaneously) which has been reported previously to blunt the expected increase in the bowel content of DNA one week after an 80% enterectomy, 40 we were unable to demonstrate any adverse effect of dexamethasone on the weight of the jejunum or ileum of 50% resected animals. This lack of detrimental effect of dexamethasone may have been due to differences in animal strain, their age, length of intestine resected (50% v 80%), time after resection when our studies were performed, or total dose of dexamethasone used. In resected animals, neither budesonide nor prednisone altered the weight of the intestine, or the percentage of the intestinal wall comprised of mucosa. It is possible that had we subjected the animals to a massive bowel resection (80% of the small bowel removed), the weight of the remaining intestine per unit length or surface area might have increased. None the less, based on these data, two weeks following a 50% enterectomy, it is clear that these corticosteroids given in these doses and by these routes had no adverse effects on the weight of the intestine. Thus the data suggest that the effects of corticosteroids on the absorptive functions of the intestine, to be discussed, were not due to any corticosteroid induced change in the mass of the intestine.
While absorption of some nutrients may be increased after intestinal resection, the magnitude of this effect depends on the extent of resection, site and time after surgery when uptake experiments are performed, as well as the manner of the expression of the data. 7 53-55 With removal of the middle half of the small intestine in this study, there was no change in the uptake of D-glucose (table 2) , L-glucose, or D-fructose (data not shown) compared with transected animals. We could have subjected the animals to a massive small bowel resection and potentially been able to show enhanced uptake of sugars. However, interpretation of the results would then have been more difficult because of the expected concomitant changes in food intake, body weight gain, and intestinal weight. Furthermore, we wished these studies to have some potential clinical relevance. For example, in patients with Crohn's disease, prednisone or budesonide may be used therapeutically in doses similar to those used in this study, and while many of these individuals may have previously undergone an intestinal resection, massive resections would be unusual.
The doses of prednisone and budesonide used in this study were chosen on the basis of regimens which have been shown to be clinically useful in humans. 35 37 56 The dose used has been shown to modify intestinal absorption of fructose and some lipids in chow fed rats with an intact intestine. 39 There is a difference in the potency of various corticosteroids on absorption of sugars after a 50% enterectomy: prednisone had no influence on the Vmax of glucose uptake or on uptake of fructose whereas budesonide increased by over 120% the value of Vmax for jejunal uptake of D-glucose (table 2) . Also, budesonide increased by 70% ileal uptake of fructose (table 3) . This occurred without any change in the non-mediated passive component of sugar uptake, as measured with L-glucose. Thus the locally active steroid budesonide accelerated intestinal absorption of these two sugars following intestinal resection.
Carrier mediated uptake is usually characterised by two kinetic constants: the maximal transport rate (Vmax) and Michaelis-Menton constant (Km) that corresponds to that concentration of solute that will give one half Vmax and represents solute binding affinity. Our findings showed a change in Vmax and Km for glucose uptake (table 2) suggesting that the number of transporters per enterocyte increases, and the characteristics of the protein may change also. For this reason we proceeded and performed western and northern blots, as discussed bellow. Other possibilities that could explain the findings in Vmax and Km are also discussed.
Protein abundance and mRNA expression of the transporters responsible for BBM uptake of glucose and fructose (SGLT1 and GLUT5, respectively) did not correlate with changes in the activity of these transporters. For instance, enhanced jejunal glucose uptake with budesonide (table 2) was not accompanied by an increase in the abundance of SGLT1 or its mRNA. Also, enhanced fructose uptake with budesonide in the ileum (table 3) was not accompanied by changes in GLUT5 abundance or mRNA expression. The reason for having only three animals in some of the studies was due to the fact that the uptake studies required a large amount of tissue (n=6), and there was not always sufficient amounts of tissue left to be able to perform larger numbers of the western and northern blots. Therefore, our negative results should be carefully considered, and we cannot discard the possibility that there were small changes in gene expression which we were unable to demonstrate given the small sample size. We did not perform immunohistochemistry of SGLT1 or GLUT5 and therefore it is possible that corticosteroids may modify sugar uptake by changing the distribution of these transporters along the villus, thereby increasing uptake without any variation in the total abundance of transporters. Also, Kellett et al have provided evidence to suggest that under some circumstances when the activity of SGLT1 is stimulated, the increased cytosolic levels of protein kinase C βII facilitate trafficking of GLUT2 to the BBM thereby providing an additional transporter for glucose and fructose. 26-30 57 Thus it is possible that a post-translational event is involved in the regulation of sugar uptake in response to administration of corticosteroids.
Although the systemic bioavailability of budesonide is approximately one order of magnitude lower than that for prednisone, its potency is much higher. 35 37 39 55 We speculate that the stimulating effect of budesonide on the jejunal uptake of glucose by SGLT1 and ileal uptake of fructose by GLUT5 is the result of its greater effect on the enterocyte receptors for glucocorticosteroids. This adaptive response with budesonide following intestinal resection may be important to maintain the well being of the animal. The glucose and fructose absorption promoting effect of budesonide following intestinal resection may prove to be a useful agent to enhance the intestinal adaptive response.
